chemical structure, we make the following hypotheses. First, it is possible to modify the cis double bond with various kinds of headgroups through relatively simple chemical reactions to achieve a cost-effective synthesis. Second, it is possible to introduce a hydrophobic chain at the terminal carbonyl group via an amide or ester bond. These two synthetic strategies allow for the design of a wide variety of gemini surfactants and for the control of the hydrophilic/hydrophobic balance of the surfactants by varying the hydrophobic chain length and the type of headgroups.
The products we have developed in the past include anionic phosphate-type 5 , sulfonate-type 6 , carboxylatetype 7 , and cationic quaternary ammonium-type 8 surfactants. In these papers, we reported not only the syntheses of these surfactants but also their dilute aqueous solution properties as a function of the length of the hydrocarbon chain covalently bound to the terminal carbonyl group of the oleic acid 5 8 . In addition, from the physicochemical standpoint, we studied the effects of molecular symmetry on the dilute aqueous solution properties using the sulfonate-type surfactants synthesized from oleic acid and petroselinic acid 6 , the characteristics of an insoluble monolayer film formed at the air/water interface using the carboxylate-type surfactants under acidic or neutral conditions 7 , and the adsorption characteristics of the cationic surfactants that occur at the silica/aqueous solution interface 8 .
In this work, we have developed oleic acid-based partially fluorinated gemini surfactants. The cis double bond of oleic acid was modified with carboxylic acid headgroups via -OCOCH 2 CH 2 -units. This headgroup structure is the same as that of the oleic acid-based hydrogenated carboxylate-type surfactants we developed in the past 7 , and hence it is possible to compare the physicochemical data of the hydrogenated and partially fluorinated gemini surfactant systems. It has been reported that partially fluorinated gemini surfactants exhibit excellent surface activity and unique aggregation behavior in aqueous solutions 9 19 .
These properties are rationalized by considering the following general features of partially fluorinated surfactants. First, fluorocarbon units are more hydrophobic than hydrocarbon units; hence, lower cmcs and lower surface tensions above the cmc are expected for the partially fluorinated surfactants compared to the hydrogenated analogues at a given chain length. Second, fluorocarbon units exhibit not only a relatively strong hydrophobic nature, but also a lipophobic nature, and hence we need to consider the limited miscibility or incompatibility between the fluorocarbon and hydrocarbon units. Third, fluorocarbon units are structurally less flexible than hydrocarbon units because of the larger volume of fluorine than of hydrogen.
Hereafter, we present the aqueous solution properties of the oleic acid-based partially fluorinated gemini surfactants developed in this study. This is the first report focusing on the physicochemical properties of oleic acid-based gemini surfactants in aqueous solution as a function of the hydrophobic chain type. We have assessed the dilute aqueous solution properties at pH 9 in the presence of 10 mmol dm 3 NaCl at 25 by means of static surface tension, pyrene fluorescence, and dynamic light scattering DLS measurements. We have also studied the temperature-concentration phase diagrams of the surfactants disodium salts at concentrations up to 80 wt . To the best of our knowledge, phase diagrams of partially fluorinated gemini surfactants over a wide range of compositions and temperatures have not yet been reported, because of the difficult synthesis of such surfactants.
EXPERIMENTAL

Materials
For the syntheses of the surfactants, we used the following chemicals: oleic acid PM-810RS, Miyoshi Oil & Fat , formic acid Wako , hydrogen peroxide Showa , 2-perfluoro-n-buthylethanol Tokyo Chemical Industry, TCI , 2-perfluoro-n-hexylethanol TCI , 2-perfluoro-n-octylethanol TCI , 1-3-dimethylaminopropyl -3-ethylcarbodiimide hydrochloride EDC TCI , succinic anhydride TCI , triethylamine Wako , and 4-dimethylaminopyridine TCI . The solvents and salts used in this study were as follows: dichloromethane, hexane, toluene, HCl, NaOH, MgSO 4 , and NaCl. The chemicals listed above were of analytical grade and used without further purification. Pyrene was purchased from Kanto Chemical Co. and used without further purification. The water used in this study was deionized with a Barnstead NANO Pure Diamond UV system and filtered with a Millipore membrane filter pore size 0.22 μm .
Synthesis
The final products, CC-9,9-EsH2Fn n 4, 6, and 8 , were synthesized according to the reaction scheme shown in Fig. 1 . In the first synthetic step, 9,10-dihydroxyoctadecanoic acid was obtained from oleic acid through a chemical reaction with formic acid and hydrogen peroxide 20 . In the second step, 9,10-dihydroxyoctadecanoic acid 0.032 mol was dissolved in dichloromethane 200 cm 3 at ca. 40 and then cooled down to room temperature. This dichloromethane solution was stirred for 1 h under icecooling in the presence of EDC 0.048 mol . The alcohol compound 2-perfluoro-n-buthylethanol, 2-perfluoro-n-hexylethanol, or 2-perfluoro-n-octylethanol, 0.048 mol was added dropwise into the solution, and the reaction mixture was stirred for 24 h at room temperature. After this reac-tion, the mixed solution was transferred into a separatory funnel and washed twice with an aqueous solution of HCl. In addition, the dichloromethane solution was washed once with pure water. After evaporation of the solvent, we obtained white solid products. Finally, these products were recrystallized from hexane. The yields of this step were as follows: 60 for n 4, 51 for n 6, and 48 for n 8.
In the third synthetic step, the product obtained in the second step 0.025 mol was added to toluene 100 cm 3 in the presence of succinic anhydride 0.125 mol , triethylamine 0.125 mol , and 4-dimethylaminopyridine 0.25 mmol . This mixture was stirred for 48 h at 80 . After this reaction, the system was cooled down to room temperature and transferred into a separatory funnel. The toluene solution was washed twice with an aqueous solution of HCl and once with pure water. After this washing, the toluene solution was dried by the addition of MgSO 4 . After filtration of MgSO 4 and the subsequent evaporation of the solvent, we obtained transparent viscous liquids. These viscous liquids were re crystallized twice from hexane. White solid products were obtained after this re crystallization, and the yields of this synthetic step were as follows: 90 for n 4, 88 for n 6, and 90 for n 8. The final products obtained here CC-9,9-EsH2Fn were characterized by 1 H-NMR JEOL-ECP 500 MHz , 19 F-NMR Bruker AV400M 
Measurements
Static surface tension measurements were performed using a Krüss K100C Wilhelmy auto surface tensiometer with a platinum plate. The surface tension was assumed to be equilibrated when the change in the surface tension became less than 0.01 mN m 1 per 90 s.
In order to estimate the microenvironmental polarity of the micelle interiors, steady-state fluorescence measure- Fig. 1 Synthesis of CC-9,9-EsH2Fn (n = 4, 6, and 8). The chemical structure of CC-9,9-EsHm (m = 6, 8, and 10) is also shown in this figure.
ments were performed for surfactant solutions containing pyrene as the fluorescence probe using a Shimadzu RF-5300PC fluorescence spectrophotometer. The spectra were recorded between 360 and 390 nm with an excitation wavelength of 330 nm. Pyrene was added at a concentration close to the solubility limit in water. As is well-known 21, 22 , the fluorescence intensity ratio of the first 373 nm to the third 384 nm vibrational peaks I 1 /I 3 indicates the microenvironmental polarity around the pyrene molecules: a decrease in the I 1 /I 3 value is indicative of the formation of more hydrophobic environments. Equilibrium solubilization of pyrene into the micelles was achieved by shaking the sample vials in a water-shaker bath for 24 h.
The hydrodynamic diameters of the molecular assemblies in aqueous surfactant solutions were estimated using an Otsuka Electronics ELS-Z2 particle-size analyzer equipped with a He-Ne laser. An autocorrelation function of the scattering light intensity data was fitted using a Cumulant method to estimate the diffusion coefficients of the molecular assemblies in aqueous solution. The hydrodynamic diameter was obtained from the diffusion coefficient using the Stokes-Einstein equation 23 . Intensity-weighted size distributions were obtained by the Marquardt method 24 . All sample solutions were filtered with a 5-μm cellulose acetate membrane filter before the measurements were taken.
Binary mixtures comprised of CC-9,9-EsH2Fn disodium salts and water were prepared as follows. The two components were sealed in a test tube. The system was heated up to 80 using a temperature-controlled water bath for 30 min, mixed for 3 min using a Vortex mixer, centrifuged for 1 h at a constant rotation speed of 3,500 rpm using a Kokusan H11-NB centrifuge, and finally equilibrated at 25 for 12 h. This heating-mixing-centrifugation-equilibration cycle was repeated a few times, after which the system was equilibrated for 2 weeks in an incubator set at a constant temperature of 25 . The phase state was examined after this equilibration period.
The phase state of the binary mixtures was studied with a combination of visual observations through a crossed polarizer , polarized optical microscopy POM , and small angle X-ray scattering SAXS measurements. POM observations were performed in the temperature range of 25-80 using an Olympus IMT-2 microscope. SAXS measurements were performed using an Anton Paar SAXSess camera equipped with a PANalytical PW3830 laboratory X-ray generator, a multilayer film Goebel mirror, a block collimator, a semi-transmissible beam stop, a TCS120 temperature controller, and an imaging plate detector. The apparatus was operated at 40 kV and 50 mA using Cu-Kα X-rays wavelength of 0.154 nm . The X-ray irradiation time was fixed at 20 min and SAXS measurements were carried out in the temperature range of 25-80 . Owing to the translucent beam stop, the raw scattering data consistently include a reduced primary intensity at a scattering vector q 0. All of the data were normalized to the same incident primary-beam intensity for the transmission calibration. The d-spacing value was calculated as d 2π/q.
RESULTS AND DISCUSSION
Molecular characterization
The molecular characterization data obtained for the final products, CC-9,9-EsH2Fn n 4, 6, and 8 , are shown in Table 1 . The characteristic features of these surfactants are summarized as follows: i two equivalent carboxylic acid headgroups are introduced to the cis double bond of oleic acid via -OCOCH 2 CH 2 -units; ii the surfactant samples must contain pairs of enantiomers 9R,10R and 9S,10S in view of the reaction mechanism; and iii the two carboxylic acid headgroups are positioned anti with respect to each other. These characteristics are the same as those for the oleic acid-based hydrogenated carboxylic acid-type gemini surfactants CC-9,9-EsHm, m 6, 8, and 10 reported in our previous paper 7 .
Dilute aqueous solution properties
The solubility of CC-9,9-EsH2Fn in water is largely dependent on the solution pH as a result of the pH-dependent protonation-deprotonation behavior of the carboxylic acid headgroups. We confirmed that the CC-9,9-EsH2Fn samples are soluble at pH 9, where both the two carboxylic acid headgroups are fully deprotonated or neutralized by the addition of NaOH to the aqueous system. In the following experiments shown in this section, we set the solution pH to 9 adjusted by adding an aqueous solution of NaOH in the presence of 10 mmol dm 3 NaCl as a background electrolyte. Figure 2 shows the static surface tension of aqueous solutions of CC-9,9-EsH2Fn as a function of the concentration. In the low surfactant concentration region, the surface tension decreases sharply with increasing concentration and attains a break point. The surfactant concentration corresponding to this break point is assumed to be the cmc of each surfactant. The resulting cmc and γ cmc surface tension measured at the cmc data are summarized in Table  2 . It is clear that an increased fluorocarbon chain length results in a lower cmc and a lower γ cmc . This indicates that, for the analogues having a longer hydrophobic chain, both the micellization and interfacial adsorption occur more effectively in the region of low surfactant concentration. This is consistent with the finding reported for the corresponding hydrogenated surfactants CC-9,9-EsHm , although no significant difference in γ cmc is observed in the CC-9,9-EsHm systems as a function of their chain length 7 .
It is interesting to compare the physicochemical data obtained for the partially fluorinated surfactants CC-9,9-EsH2Fn with those for the hydrogenated surfactants CC-9,9-EsHm . As mentioned in the Introduction, partially fluorinated surfactants tend to lower cmc and γ cmc values when compared with the corresponding hydrogenated surfactants at a given chain length. This results from the strong hydrophobic character of fluorocarbon units. We can see this general trend in our results; for example, CC-9,9-EsH2F4 gives a significantly lower cmc and a lower γ cmc than CC-9,9-EsH6. It has been reported that the cmcs of fluorinated surfactants are close to those of hydrogenated surfactants whose hydrocarbon chain length is ca. 1.5 times longer than the fluorocarbon chain 25 . On the basis of this empirical rule, in the case of CC-9,9-EsH2F4, for example, the effective hydrocarbon chain length from the ester unit is estimated as 4 1.5 2 8. This corresponds to the hydrogenated surfactant, CC-9,9-EsH8. One can see in Table 2 that the cmc of CC-9,9-EsH2F4 0.025 mmol dm 3 is close to that of CC-9,9-EsH8 0.040 mmol dm 3 , as expected, and hence we suggest that the CC-9,9-EsH2Fn samples follow the general behavior of partially fluorinated surfactants in their dilute solutions.
The surface tension data also allow calculation of the following physicochemical parameters: the surface excess concentration estimated at the cmc Γ cmc and the occupied area per surfactant molecule adsorbed at the air/aqueous solution interface A cmc . These values were calculated from the following equations 26 : Fig. 2 Static surface tension of aqueous CC-9,9-EsH2Fn (n = 4, 6, and 8) solutions as a function of their concentrations. These measurements were performed at pH 9 in the presence of 10 mmol dm -3 NaCl at 25℃.
where T is the absolute temperature, N A is Avogadro s constant, and R is the gas constant. The number of adsorbed species n in equation 1 is assumed to be 1 in the presence of 10 mmol dm 3 NaCl. The calculation results are also shown in Table 2 . The CC-9,9-EsH2Fn n 4 and 6 surfactants give larger Γ cmc and smaller A cmc values when compared with the CC-9,9-EsHm surfactants. Again, this indicates the greater hydrophobic character of the partially fluorinated surfactants, which leads to a closer molecular packing at the air/aqueous solution interface. We also calculated the Γ cmc and A cmc values for CC-9,9-EsH2F8; however, reasonable values were not obtained in this particular case. The reason for this is not clear at present, but at least the steep decrease in the surface tension observed at very low concentrations supports the hypothesis that closer molecular packing at the air/aqueous solution interface tends to occur with increasing fluorocarbon chain length.
The micellization of CC-9,9-EsH2Fn in dilute aqueous solution was assessed through pyrene fluorescence I 1 /I 3 and DLS measurements. Here, as a first approximation, pyrene interacts with hydrocarbon units of a surfactant molecule 27 . This leads to the solubilization of pyrene into hydrocarbon domains that may be spontaneously formed within CC-9,9-EsH2Fn micelles. This means that the I 1 /I 3 data obtained in this study measure the microenvironmental polarity around the pyrene molecules solubilized in the hydrocarbon domains. Figure 3 shows the resulting I 1 /I 3 data as a function of the surfactant concentration. For all of the analogues, the resulting I 1 /I 3 data are seen in the region of 1.8-1.9 at very low surfactant concentrations and then start to decrease. This transition results from the micellization, and hence the concentration at which we see this transition is assumed to be the cmc. In this case, the transition concentration is in good agreement with the cmc measured by surface tensiometry, as indicated by the arrows in Fig. 3 . Interestingly, a further increase in the surfactant concentration results in a gradual decrease in I 1 /I 3 for all of the analogues. This decrease is observed over a very wide range of surfactant concentrations. For this reason, we assume that a gradual change in the packing arrangement occurs within the micelles over this wide range of concentrations. This behavior may reflect the ease of molecular motion of the surfactants within the assemblies micelles , which is suggested through the temperatureconcentration phase studies discussed in the next section. We note that, at a fixed concentration of 300 mmol dm 3 far above the cmc , the hydrodynamic diameter of the micellar aggregates is measured as 2-4 nm, irrespective of the fluorocarbon chain length data not shown .
Phase behavior in the concentrated aqueous region
As mentioned in the Experimental section, we character- These measurements were performed at pH 9 in the presence of 10 mmol dm -3 NaCl at 25℃. The arrows indicate the cmc of each surfactant estimated by static surface tensiometry.
ized the aqueous phase behavior by a combination of visual observation, POM, and SAXS data. The resulting temperature-concentration phase diagrams of CC-9,9-EsH2Fn are shown in Fig. 4 . Also shown in this figure is the corresponding phase diagram of CC-9,9-EsH8. Several phase states including micellar solution phase W m , hexagonal phase H 1 , bicontinuous cubic phase V 1 , and lamellar phase L α were observed, along with the coexistence of these phases in certain regions. A middle phase M is also seen in the phase diagram of CC-9,9-EsH8. Hereafter, we discuss the phase behavior as a function of i concentration, ii temperature, iii fluorocarbon chain length, and iv hydrophobic chain type.
i Figure 5 shows typical SAXS patterns obtained for a CC-9,9-EsH2F4 and b CC-9,9-EsH2F6 at various concentrations at a constant temperature of 25 . Briefly, in the case of CC-9,9-EsH2F4, we identified the phase states as follows: H 1 phase at 55 wt indicated by the ratio of q values 1 : 3 : 2 : 7, the fan-like texture observed in the POM measurements, and its optically anisotropic nature , V 1 phase at 75 wt indicated by the ratio of q values 6 : 8 and its optically isotropic nature , and L α phase at 80 wt indicated by the ratio of q values 1 : 2 : 3, the Maltese-cross texture observed in the POM measurements, and its optically anisotropic nature . The POM images obtained at these concentrations are shown in the Supporting Information, Fig. S1 .
Similarly, in the case of CC-9,9-EsH2F6, we identified H 1 and L α phases. One can see, however, that the SAXS patterns measured in the L α region of CC-9,9-EsH2F6 Fig.  5b show significant broadening and splitting of the peaks. This suggests the coexistence of two lamellar structures with a low-ordered nature, which may result from the loose molecular packing of the partially fluorinated gemini surfactants owing to the limited miscibility between the hydrocarbon and fluorocarbon units. In Fig. 4 , we describe the two lamellar structures as L α1 and L α2 . The formation of these phases was also suggested through POM measurements, as shown in Fig. S1 . In the cases of CC-9,9-EsH2F6 and CC-9,9-EsH2F8, we also see an L α3 phase at relatively high temperatures. At a given temperature, the d-spacing value decreases with increasing concentration in the order L α1 L α2 L α3 .
In summary, the increased surfactant concentration results in phase transitions as W m -H 1 -V 1 -L α for CC-9,9-Es-H2F4 and as W m -H 1 -L α for CC-9,9-EsH2F6 and CC-9,9-Es-H2F8. This means that the increased surfactant concentration yields molecular assemblies with lesser positive curvature. This result is rationalized as follows. The increased surfactant concentration leads to an increased counterion concentration, a decreased repulsion between Fig. 4 Temperature-concentration phase diagrams of (a) CC-9,9-EsH2F4, (b) CC-9,9-EsH2F6, (c) CC-9,9-EsH2F8, and (d) CC-9,9-EsH8. The surfactant samples used in this study were disodium salts.
ionic headgroups, and hence a decreased cross-sectional area of the headgroups 28, 29 . Clearly, this change leads to an increased packing parameter of the surfactants 30 , and hence we can see molecular assemblies with lesser positive curvature at high concentrations.
ii Figure 6 shows typical SAXS patterns obtained for a CC-9,9-EsH2F4 and b CC-9,9-EsH2F6 at various temperatures at a given concentration. For example, in the case of CC-9,9-EsH2F4 at a fixed concentration of 60 wt , we observed H 1 -V 1 -L α phase transitions with increasing temperature. Similarly, CC-9,9-EsH2F6 experiences an H 1 -L α phase transition with increasing temperature at a fixed concentration of 65 wt . These changes are rationalized by the fact that the increased temperature results in a decreased hydrophilicity of the headgroups, leading to a decreased cross-sectional area of the surfactants. Hence, assemblies with lesser positive curvature and a larger packing parameter tend to be formed at higher temperatures. Similar temperature-induced phase transitions have been observed in amino acid-based monomeric and gemini surfactant systems 29 .
iii In the third evaluation, the phase diagrams obtained for the three CC-9,9-EsH2Fn samples were compared with each other to illustrate the effects of the fluorocarbon chain length. Three major differences in their phase behaviors are seen in Fig. 4 . First, the V 1 phase is present in the CC-9,9-EsH2F4 system, whereas this phase does not appear in the CC-9,9-EsH2F6 and CC-9,9-EsH2F8 systems. Second, the L α region becomes wider with increasing fluorocarbon chain length. Again, these two results are predicted using the packing parameter concept; the shorter fluorocarbon chain analogue tends to form assemblies with greater positive curvature such as H 1 and V 1 phases, whereas the longer fluorocarbon chain analogue tends to form assemblies with lesser positive curvature such as L α phase. The d-spacing value of the L α phases formed by the three CC-9,9-EsH2Fn samples is strongly dependent on the fluorocarbon chain length; i.e., an increased fluorocarbon chain length results in an increased d-spacing, as shown in Table 3 .
Third, the W m -H 1 phase transition occurs at higher concentrations for CC-9,9-EsH2F6 and CC-9,9-EsH2F8 than for CC-9,9-EsH2F4. However, the packing parameter concept predicts the opposite trend. For example, the phase transition concentration of quaternary ammoniumtype monomeric surfactants in water is observed to gradually decrease with increasing chain length 31 . One possible interpretation for this difference may lie in the fact that the partially fluorinated chain yields not only relatively strong hydrophobic environments but also lipophobic ones within their molecular assemblies. The resulting phase diagram data suggest, therefore, that the W m -H 1 phase transition is inhibited for the longer fluorocarbon chain analogues CC-9,9-EsH2F6 and CC-9,9-EsH2F8 more significantly than for the shorter one CC-9,9-EsH2F4 because of the limited miscibility between the hydrocarbon and fluorocarbon units, which leads to a looser molecular packing. This situation is different from the adsorption that occurs at the air/aqueous solution interface. We discuss this effect again in the following two paragraphs.
iv Figure 7 shows SAXS patterns measured for CC-9,9-EsH8 at various concentrations at a constant temperature of 25 . We indentified an H 1 phase at 45 wt indicated by the ratio of q values 1 : 3 : 2 : 7, the fan-like texture observed in the POM measurements, and its optically anisotropic nature , and an L α phase at 75 wt indicated by the ratio of q values 1 : 2, the Maltese-cross texture observed in the POM measurements, and its optically anisotropic nature . In addition, we observed an M phase in between the H 1 and L α phases. This phase was qualitatively indicated by its optically anisotropic nature, although it was not possible to characterize the SAXS peaks observed at 65 wt because of the low ordering of the surfactant assemblies. Acharya et al. 32 studied the temperature-concentration phase diagram of a hydrogenated gemini surfactant having carboxylic acid headgroups disodium salts and suggested a concentration-induced phase transition from the H 1 phase to a rectangular-ribbon liquid crystal phase. This phase transition may be attributed to the very short spacer length of the surfactant; the combination of the small cross-sectional area of the headgroups and the closely packed hydrophobic chains results in increased packing constraints of the hydrophobic core, thereby inducing the H 1 -ribbon phase transition 32 .
Finally, we compared the temperature-concentration phase diagrams of CC-9,9-EsH2Fn with that of CC-9,9-EsH8 in order to elucidate the effects of the hydrophobic chain type on their phase behaviors. As shown in Figs. 4d and 7, CC-9,9-EsH8 gives W m , H 1 , and L α phases in a manner similar to the three CC-9,9-EsH2Fn samples. Here we note that the W m -H 1 phase transition concentration is lower for CC-9,9-EsH8 than for the three CC-9,9-EsH2Fn samples. This indicates that the hydrogenated surfactant can form liquid crystals more effectively than the partially fluorinated surfactants. It seems likely that this property results from the ease of molecular packing of the hydrogenated surfactant. In other words, close molecular packing is inhibited in the CC-9,9-EsH2Fn systems because of the limited miscibility between the fluorocarbon and hydrocarbon units. Although it is not clear whether phase separation of the two units i.e., domain formation occurs within the surfactant assemblies 27 , the following results are also rationalized by these interpretations. First, a two-phase separation of white solids from the solution phase is observed only in the CC-9,9-EsH8 system. Second, the dspacing value of the L α phase of CC-9,9-EsH8 is smaller than those of CC-9,9-EsH2Fn see Table 3 . Third, the temperature-induced phase transition occurs more drastically for CC-9,9-EsH2Fn than for CC-9,9-EsH8 because of the ease of molecular motion of the partially fluorinated surfactants within their assemblies.
CONCLUSIONS
We have synthesized oleic acid-based partially fluorinated gemini surfactants featuring carboxylic acid headgroups. These surfactants exhibit excellent surface activity in their dilute aqueous solutions at pH 9 in the presence of 10 mmol dm 3 NaCl , which is consistent with the general behavior of partially fluorinated surfactants. The surfactants are suggested to form micellar aggregates 2-4 nm in diameter. We also studied the aqueous temperature-concentration phase diagrams of the partially fluorinated gemini surfactants disodium salts . Several phase states including W m , H 1 , V 1 , and L α phases were observed, along with the coexistence of these phases in certain regions. Assemblies with lesser positive curvature tend to be formed with increasing surfactant concentration, increasing temperature, and increasing hydrophobic chain length. The comparison between the phase behaviors of the partially fluorinated and hydrogenated surfactant systems suggests that close molecular packing is inhibited within the assemblies of the partially fluorinated surfactants because of the limited miscibility between the fluorocarbon and hydrocarbon units. We emphasize that this paper is the first systematic report focusing on the temperature-concentration phase diagrams of partially fluorinated gemini surfactants over a wide range of compositions and temperatures. We anticipate that the knowledge gathered in this study is useful not only in academia but also in industry for finding suitable applications of these surfactants in the formulation of high-performance chemical products.
Supporting Information Available: Figure S1 : Typical POM images obtained for a CC-9,9-EsH2F4 at 55 wt , b CC-9,9-EsH2F4 at 80 wt , c CC-9,9-EsH2F6 at 68 wt , and d CC-9,9-EsH2F6 at 70 wt . These measurements were performed at 25 . This material is available free of charge via the Internet at http://dx.doi.org/jos.63.10.5650/ jos.ess.13158.
